ABSTRACT The presence of heritable variation is a prerequisite for evolution, but natural selection typically reduces genetic variation. Variation can be maintained in traits under selection through spatial or temporal variation in Þtness surfaces, frequency-dependent selection, or disruptive selection. We evaluated the maintenance of variation in the enantiomeric blend of pheromones employed by the bark beetle Ips pini (Say). In natural populations, we quantiÞed Þtness surfaces for mating success and progeny production. We investigated the effects of paternal pheromone blend on offspring survival by comparing the spatial scales at which pheromone blends and larval mortality agents vary. Males with extreme pheromone blends obtained up to 1.8 times as many mates who each laid equivalent numbers of eggs, producing strong disruptive selection on male pheromone blend. In combination with imperfect assortative mating that continually produces intermediate genotypes, this Þtness surface is sufÞcient to maintain variation in a heritable trait that is strongly linked to Þtness. The ultimate explanation for female preference is unknown but could be because of selection for reduced mortality from specialist predators that prefer common prey pheromone blends. Selection is most likely occurring at the scale of small resource patches within pine stands. Selection at coarser scales (pine stands) is unlikely because pheromone blends did not vary among pine stands. Selection at Þner scales (within logs) is unlikely because males of similar enantiomeric blends were not aggregated on logs, and male pheromone blend did not affect the spacing to neighboring galleries. This study documents a rare case of diversifying selection in natural populations.
The maintenance of variation in ecologically important characters is fundamental to evolution (Fisher 1930 , Kimura 1965 , Lande 1977 . Natural selection in a stable environment is usually expected to reduce genetic variation in traits linked to Þtness through directional or stabilizing selection (Fisher 1930, Crow and Kimura 1970) . However, high genetic variation in ecologically important traits has been documented in a growing number of natural systems (e.g., Bossart and Scriber 1995 , Mitchell-Olds and Schmitt 2006 , Weeks and Hoffmann 2008 . Two general categories of mechanisms have been proposed to maintain genetic variation in quantitative traits. The Þrst category involves Þtness surfaces that vary across time or space, and the second category involves a single Þtness surface that is intrinsically diversifying (either inverse frequency-dependent selection, or disruptive selection).
Spatial patterns can theoretically promote genetic diversity if selection gradients vary spatially, but gene ßow among habitat types is sufÞcient to balance selection (Levene 1953 , Levins and MacArthur 1966 , Galloway 1995 , Nuismer et al. 1999 , Gomulkiewicz et al. 2000 , Schemske and Bierzychudek 2007 . However, Stratton and Bennington (1998) found that Þne-grained spatial variation in Þtness did not maintain genetic variation in a population of an annual plant. Their results support theoretical work (Hedrick 1986) indicating that gene ßow constrains the diversifying effects of spatial variation in Þtness.
Similarly, temporal variation in Þtness surfaces can theoretically maintain genetic variation in Þtness-related traits, a phenomenon known as the storage effect (Chesson and Warner 1981) . The diversifying effects of temporal variation are strongest if there are overlapping generations with long-lived adults (Warner and Chesson 1985) or dormant propagules De Stasio 1988, Chesson and Huntly 1989) that are able to persist through poor conditions. Under these circumstances, ßuctuating environmental conditions can periodically favor different genotypes and allow multiple types to persist (Hairston and Dillon 1990 , Galeotti and Cesaris 1996 , Mergeay et al. 2007 , but it will not apply to the many organisms that do not have overlapping generations and life stages with different environmental sensitivities.
A disruptive Þtness surface, favoring individuals at the extremes of the phenotypic distribution, is the textbook example of diversifying selection (Mather 1955 , Thoday and Boam 1959 , Thoday 1972 . The expected effects can be demonstrated in laboratory experiments (Halliburton and Gall 1981 , Higuet 1986 , Rice and Salt 1988 , Mackenzie 1996 , Pigliucci and Schlichting 1996 . However, cases of disruptive selection from nature are surprisingly limited. Existing examples usually involve a combination of opposing directional selection pressures that together yield a disruptive Þtness surface (Campbell et al. 1997 , Irwin et al. 2003 , Frey 2004 , Siepielski and Benkman 2009 , for example involving specialization in habitat use (Calsbeek and Smith 2008) or resource use (Grant 1985 , Smith 1990 , Bolnick and Lau 2008 , Hendry et al. 2009 , Martin and Pfennig 2009 . The literature includes few cases of disruptive selection on what seems to be a single trait. Siemens and Mitchell-Olds (1996) found the highest herbivory by two specialists on Brassica rapa L. at intermediate levels of defensive glucosinolate compounds, and Mauricio et al. (1997) found disruptive selection on tolerance to herbivory in Arabidopsis thaliana, because of a nonlinear relationship between level of tolerance and its cost. Disruptive selection surfaces are of general theoretical interest partly because they provide a mechanism that could promote speciation through host-race formation (e.g., Craig et al. 1997 , Feder et al. 1997 .
Inverse frequency-dependent selection, in which rare types experience higher relative Þtness, is the other general mechanism for maintaining genetic variation in a Þtness-related character (Ayala and Campbell 1974) . Theoretical studies have demonstrated the diversifying effects of inverse frequency-dependent selection (Mani et al. 1990 , Andreasen and Christiansen 1995 , Cressman 1996 , Hammerstein 1996 . Frequency-dependent selection has been studied in predatorÐprey systems (Dale et al. 1994 ) and in seedling dynamics of tropical trees (Augspurger and Kitajima 1992) . Studies have shown maintenance of color polymorphisms because of frequency-dependent selection in lizards (Sinervo and Lively 1996) , guppies (Olendorf et al. 2006) , and orchid inßorescences (Gigord et al. 2001) , as well as frequency-dependent selection by plant pathogens (Chaboudez and Burdon 1995) , and because of intraspeciÞc competition (Fitzpatrick et al. 2007) . A combination of mechanisms might well be acting in some natural systems; temporal and spatial variation, as well as some frequency-dependence, appears to maintain a polymorphism in dorsal markings on anole lizards (Calsbeek et al. 2010) .
In this study we examined how selection acts to maintain genetic variation in pheromone use in the pine engraver beetle, Ips pini (Say) (Coleoptera: Curculionidae: Scolytinae). I. pini feeds within pine trees throughout most of North America (Wood 1982) . Male beetles locate suitable host trees, bore into the phloem, excavate nuptial chambers, and exude an aggregation pheromone in the fecal pellets and boring dust (Anderson 1948) . This aggregation pheromone serves to attract individuals of both sexes to the same tree. The mating system is polygamous, and mated females burrow away from the nuptial chamber, spacing their eggs out along this gallery. Larvae create feeding galleries as they consume phloem tissue while burrowing away from the egg gallery. Phloem resources frequently become limiting as galleries collide. Developing larvae share the phloem layer with both full-and half-siblings, conspeciÞcs, and other phloem-feeding species.
The main component of the aggregation pheromone of Ips pini is ipsdienol (2-methyl-6-methylene-2,7-octadien-4-ol) (Birch et al. 1980 , Lanier et al. 1980 ). This terpene alcohol has two enantiomers (optical isomers), S-(ϩ) and R-(Ϫ). Most males produce a combination of the two enantiomers, and the blends vary both among (Birch et al. 1980 , Lanier et al. 1980 and within (Miller et al. 1989 ) populations, as does preference for different blends . Both production of, and preference for, a particular enantiomeric blend has a heritable genetic basis (Hager and Teale 1996 , Domingue et al. 2006 , Domingue and Teale 2008 . Because of its high heritability, selection on pheromone blend composition could lead to a rapid response, and yet variation in pheromone blend is maintained within many populations. We investigated components of Þtness for ipsdienol blend composition during reproduction and larval development to determine how selection might be acting on pheromone blend, and at what stage(s) during the bark beetle life cycle.
Bark beetles provide a convenient model system for studying reproductive effects of pheromone use because they leave a record of mating and oviposition in the bark. We collected an initial sample of pheromone, then later examined the number of egg galleries, and their egg niches, allowing a direct evaluation of the Þtness surfaces for these components of the life cycle. Fitness surfaces were evaluated using linear and nonlinear regression techniques in combination with information theory (Anderson 2007) .
The main causes of larval mortality for I. pini are poor quality host material, specialist predators, and competitors. Of these, predators and competitors seemed most likely to affect the Þtness of I. pini genotypes with different pheromone blends. Specialist predators include beetles of the families Cleridae and Histeridae, both of which use ipsdienol as a kairomone to locate prey. Previous work has suggested inverse frequency-dependent selection because of predators as a mechanism for maintenance of variation in pheromone use Klepzig 1989, Herms et al. 1991) . Competitors include conspeciÞcs, bark beetles of other species, and larvae of several other groups of phloeophagous insects. We evaluated the scales at which the main mortality agents for eggs and larval Ips act. We then combined these analyses with information about Ips spatial structure to determine what mortality agents, if any, might be exerting selection pressure on pheromone use.
Materials and Methods
Study Site. Research was conducted in Dunn County, WI, in even-aged monospeciÞc red pine (Pinus resinosa Sol. ex Aiton) plantations Ϸ 40 yr old. The landscape is a matrix of pine plantations, farm Þelds, and deciduous woodlots. Study plantations had all been most recently thinned 5Ð 8 yr before our study and had similar, minimal, understory growth.
Reproductive Components of Fitness. We assessed reproductive success of beetles that naturally colonized host material that was placed in plantations during July 1996. Host material consisted of 40-cm sections of the bole of healthy, freshly felled red pine trees (17Ð25 cm in diameter). Five arrays of logs were placed in each of four plantations. Each array contained Þve logs that were placed on the ground with 3 m of separation. Arrays within plantations were separated by 80 Ð500 m. Plantations were separated by 1Ð12 km.
Logs were checked every 2 d for colonization, and all new bark beetle entrance holes were marked. On two randomly chosen logs within each array, all entrance holes were numbered and mapped on the surface of the log, and a sample of frass and boring dust was collected from each entrance hole during its initial observation and frozen for later pheromone analysis. On the remaining three logs in each array, the Þrst six entrance holes were numbered and a pheromone sample was collected in the same manner. Subsequent entrance holes were marked, numbered, and the date of colonization noted.
Logs were allowed to remain in place until oviposition was complete (Ϸ 30 d). We then carefully removed the bark from logs (revealing the phloem layer), and each numbered male entrance hole was scored for the number of female egg galleries, and the number of egg niches within each egg gallery. Whenever possible, individuals were pulled from galleries for species identiÞcation. We also counted the total number of bark beetle galleries, the number of weevil galleries, and the number of larval buprestids and cerambycids. Total surface area of each log was calculated from the circumference and length.
Pheromone Analysis. Samples of frass and boring dust were analyzed for enantiomeric blend composition with a HewlettÐPackard gas chromatograph/mass spectrometer, model 5890 series II/ model 5971 (HewlettÐPackard, Palo Alto, CA), equipped with a chiral GC column (0.25 mm internal diameter ϫ 30 m), using pentane for extraction (Hager and Teale 1996) . Frass samples for Ips pini were distinguished from those of other Ips species because Ips pini is the only species present that produces ipsdienol but no ipsenol (Ayres et al. 2001) . The chiral column separated the (ϩ) and (Ϫ) enantiomers of ipsdienol and allowed measurement of the percentage of total ipsdienol produced that was the (ϩ) enantiomer versus the (Ϫ) enantiomer. Enantiomeric composition was expressed as percent (ϩ)-ipsdienol. The pheromone system of I. pini also involves LanieroneÑan achiral attractant synergist produced by males (Teale et al. 1991 )Ñand there could be variation among males in the daily rate of total ipsdienol produced (Pureswaran et al. 2008 ). It was not technically possible for us to test for additional effects of these attributes on the mating success of I. pini males.
Analysis of Reproductive Data. We measured two components of Þtness: number of mates obtained by each male and average number of eggs per mate. Mating success was partitioned into 1) the ability of a male to attract any mates, and 2) the subsequent ability to attract more than one mate. Presumably more mates indicate higher male attractiveness, but failure to attract any mates could be because of a number of conditions unrelated to male attractiveness (e.g., weather, location on a log, neighbor density). Logistic regression indicated that the ability to attract at least one mate was not related to %(ϩ)-ipsdienol (n ϭ 51, X 2 ϭ 2.23, P ϭ 0.14), so subsequent analyses of mating success evaluated the number of mates attracted by males who obtained at least one mate. To evaluate alternative theoretical models of the Þtness surface, we compared three functions: linear regressions, polynomial regressions, and a general nonlinear function for a parabola, which can describe either a disruptive or stabilizing selection surface. The parabolic function was y ϭ a (x -b) 2 ϩ c, where the sign of a indicates whether the parabola is concave up or down and its magnitude describes how steeply the parabola slopes away from its minimum or maximum, and b and c represent the x and y coordinates, respectively, for the point of inßection. Linear and polynomial regressions were Þt by least squares in JMP (version 3.1; SAS Institute 1995) and the parabolic function was Þt using the Marquardt-Levenberg algorithm (NLIN Procedure, SAS version 6; SAS Institute 1990). We employed information theory and multimodel inference (AICc; Anderson 2007) to compare competing theoretical models for the relationship between male Þtness and pheromone blend.
Larval Components of Fitness. Data for larval components of Þtness were collected in a manner similar to the reproductive components of Þtness data, in a subsequent Þeld season. During July 1997, Þve arrays of Þve logs each were placed in each of three plantations, and colonization was allowed to proceed naturally, without regulating colonization density. Natural colonization densities in these sites vary between 0 and 600 male I. pini/m 2 of bark surface (Shumate 2001) . The protocol followed 1996, except that after colonization was complete, 25 logs representing a range of colonization densities were placed in emergence traps. These traps, constructed so that temperature, airßow, and moisture levels would remain similar to that of logs remaining on the ground, collected all emerging larval and adult insects in a collection cup that was emptied once per week (Ayres et al. 2001) . Emerging insects were identiÞed to species and counted. After emergence was complete, the bark was carefully peeled from the logs, and we recorded the total number of bark beetle galleries, the number of mates obtained by each male, the number of weevil galleries, and the number of buprestid and cerambycid larvae either remaining in the phloem or having entered the xylem. Log circumference, length, and total surface area were measured.
In July 1998, three or four arrays of six logs each were placed in each of three plantations. Two of the six logs per array served as unmanipulated control logs and were analyzed to examine patterns of variation across years in levels of predation and competition during the larval stage. To ensure that plantation effects were not confounded with differences in host material, logs from the same trees were distributed across plantations.
The main predators of bark beetles in our study system were two groups of specialist predators: clerid beetles and histerid beetles. The clerid community is dominated by Thanasimus dubius F., but also includes several other species such as Phlogisternus dislocatus (Say), Zenodosus sanguineus (Say), and three Enoclerus species. Larval clerids cannot be readily identiÞed to species but have similar biology, and so were grouped as clerids. Two histerid species predominate in our study area, Platysoma parallelum Say, and Platysoma cylindrical Paykull. Adult histerids were identiÞed to species but larvae were not distinguishable, so individuals of both species were grouped as histerids in analyses.
Spatial Structure of Larval Mortality Agents. Nested one-way analysis of variance (ANOVA) was used to test for spatial structure in abundance of predators, extrageneric insect larval competitors, and intrageneric larval competitors. Intra and extrageneric competition levels were available from both 1997 and 1998. Predator data were available from 1998. All count data, except for the 1997 competitor data, were square root transformed to meet the assumptions for ANOVA. ANOVAs were calculated in JMP (SAS Institute 1995), using the following models: Competition data from 1997 were analyzed with a main effect of plantation and arrays nested within plantations. Predation and competition data from 1998 included a main effect of plantation, arrays nested within plantations, and trees nested within plantations. In all analyses, plantations were treated as Þxed effects, whereas arrays and trees were treated as random effects. Patterns of variation were evaluated by comparing percent total variance attributable to each spatial scale (Sokal and Rohlf 1981, Suomela and Ayres 1994) .
Spatial Structure of I. pini populations. To evaluate the spatial structure of Ips pini populations with respect to enantiomeric blend, we used data from the 1996 study (described in "Reproductive Components of Fitness") in which ipsdienol enantiomeric blend was measured for a large number of mapped male nuptial chambers. Pheromone composition was analyzed with a nested ANOVA that included plantation, arrays nested within plantations, and logs nested within arrays and plantations, with arrays and logs as random effects.
We tested whether males with similar pheromone blends were aggregated within logs, by regressing the difference between pheromone blends for each pair of males against distance between the entrance holes to their nuptial chambers. This analysis was conducted for the four logs on which there were Ͼ6 mapped beetles with known pheromone composition, with individual data points representing the difference between each possible pair of males of known pheromone blend on a log. Because individual males contribute to multiple data points in a regression, we interpret the slopes of the lines rather than the P values. We tested whether male pheromone blend affected the spacing among individuals by regressing pheromone blend against a nearest neighbor distance.
Results
Reproductive Components of Fitness. The pheromone blend of 117 males ranged from 52 to 96% (ϩ)-ipsdienol, with a mean of 67.7% (ϩ)-ipsdienol (Fig. 1,  upper) . All but six individuals used a pheromone blend between 62 and 74% (ϩ)-ipsdienol, with the remainder falling into a shallow tail on the distribution that extended to 53% (ϩ)-ipsdienol. We obtained complete mating information for 56 males, nine of which obtained no mates, and four obtained six mates (Fig.  1, middle) . Two of these males came from the extreme tail of the distribution (Ϸ55% (ϩ)-ipsdienol), were far separated from the majority of the population, and were therefore excluded from subsequent model comparisons. Over the range of pheromone blend composition for which we had good estimates of mating success, and in which the bulk of the population lay, mating success was nonlinearly related to pheromone blend (Fig. 1, middle) . A third order polynomial took the form of a parabola and explained 20% of the variation in male mating success (y ϭ Ϫ2552 ϩ 117.4 x Ϫ 1.79 x 2 ϩ 0.0091 x 3 ; P ϭ 0.026; n ϭ 44). The general parabolic function also was signiÞcant and matched the form of the polynomial in that both had their vertex located near 69% (ϩ)-ipsdienol with just above two mates per male and opened upward from this minimum with similar slopes (y ϭ 0.061 (x Ϫ 68.6) 2 ϩ 2.16; R 2 ϭ 0.19, P Ͻ 0.05; n ϭ 44; Fig. 1, middle) . In contrast, a linear regression between mating success and pheromone blend was a poor Þt to the data (y ϭ 8.29Ϫ0.081 x; R 2 ϭ 0.03, P ϭ 0.27; n ϭ 44). Based on information theory, the best model was the parabolic function, the polynomial function was nearly as good (⌬AIC ϭ 1.79), and both were clearly superior to the linear model (⌬AIC ϭ 4.37). Eggs/female was unrelated to pheromone blend of the femaleÕs mate (Fig.  1, lower) . Thus, males with high or low pheromone blends produced more progeny (had higher Þtness) by virtue of having more mates, and mating success was inversely related to relative frequency of the phenotype in the population (Fig. 2) .
Predation on Bark Beetle Larvae. Total predator abundance varied substantially across samples (Fig. 3,  upper) , but the only suggestion of nonrandom spatial Fig. 2 . Number of mates obtained by males as a function of that maleÕs relative phenotypic frequency in the population. Relative phenotypic frequencies were calculated from bins of 1% intervals in % (ϩ)-ipsdienol blends from the population at large (Fig. 1 upper) . Points were dithered slightly for the graph (to allow visual separation of individuals). structure was at the level of arrays of logs nested within plantations (F ϭ 3.03; df ϭ 6, 8; P ϭ 0.075). Separate analyses of histerid and clerid predators indicated that this result could be attributed to a significant difference in histerid abundance among arrays nested within plantations (F ϭ 4.58; df ϭ 6, 8; P ϭ 0.026), while clerid abundance did not differ signiÞ-cantly on any spatial scale.
Overlap With Other Larval Insects. The main potential competitors of Ips pini, aside from other bark beetles, were larval weevils (Curculionidae), and larval borers (Cerambycidae and Buprestidae). Borers appeared to have dramatic effects on bark beetle larval survival where they shared host material. Borer larvae were frequently feeding in the same time and place as Ips larvae, and Ips that fell within their feeding swath appeared to have been ingested, or subsequently die from the habitat disturbance and resource loss. In contrast, weevils appeared to exert only modest direct effects on Ips, as their feeding was largely restricted to the ends and undersides of logs, which were areas least colonized by Ips.
In 1997, total non-bark beetle competitors varied greatly among logs (Fig. 3, middle) , but showed only marginally signiÞcant variation among arrays nested within plantations in 1997 (F ϭ 2.38; df ϭ 10, 15; P ϭ 0.063). This was because of modest variation in borer abundance among arrays nested within plantations (F ϭ 2.53; df ϭ 10, 15; P ϭ 0.051); weevil abundance did not measurably vary across any spatial scale. In 1998, distributions of total competitors, and weevils and borers taken separately, did not vary among plantations, arrays within plantations, or trees within plantations (Fig. 3) .
Bark Beetle Abundance. In 1997, Ips densities varied signiÞcantly among plantations (F ϭ 24.12; df ϭ 2, 10; P ϭ 0.0001), as well as among arrays within plantations (F ϭ 3.55; df ϭ 10, 15; P ϭ 0.0135; Fig. 3, lower ; Table 1 ). In 1998, bark beetle colonization densities varied among arrays within plantations (F ϭ 4.02; df ϭ 6, 8; P ϭ 0.0371), but not among plantations (Fig. 3,  lower ; Table 1 ).
Spatial Patterns in I. pini Pheromone Blend Composition. Pheromone blends varied among male Ips pini that had colonized the same log, but the only nonrandom variation at higher spatial scales was among arrays within plantations (Table 2) . We also analyzed the spatial distribution of pheromone blends within logs. Three of four logs containing Ͼ6 individuals that were mapped and measured exhibited little evidence for spatial aggregation of males with similar pheromones, and the fourth log showed a pattern that was attributable to a single male with an unusually low pheromone blend (Fig. 4) . Also, the pheromone blend of an individual male was unrelated to local density of conspeciÞcs within logs (Fig. 5) .
Patterns of Variance Across Spatial Scales. For predators and competitors, variation among logs accounted for the largest portion of the variation, and arrays within plantations accounted for the second largest proportion of variation (Table 1 ). The only exception was with intrageneric competition in 1997, when plantations varied greatly and accounted for 81% of the variation, leaving only a small percentage that could be attributed to arrays within plantations and variation among logs plus error (Table 1) . In no other cases did plantations account for a meaningful proportion of the variance and trees never accounted for any signiÞcant portion of the variance (Table 1) .
Variation within logs accounted for the majority of the variation in Ips pini pheromone blend. A modest, but signiÞcant, proportion of the variance was because of arrays within plantations. Neither plantations, nor logs within arrays, contributed to the spatial variation (Table 1) .
Discussion
Reproductive Components of Fitness. The data indicated diversity-enhancing selection on enantio- meric composition of I. pini. The mechanism was that rare and extreme males obtained more female mates that produced equivalent numbers of eggs. This pattern matches that of both disruptive and frequencydependent selection because the phenotypic distribution of the population was unimodal, with the most rare phenotypes at the extremes of the distribution. A selection surface such as this (Fig. 2, middle) can theoretically maintain genetic variation indeÞnitely, and can therefore explain the persistently high genetic variation in the enantiomeric composition of ipsdienol pheromone blend used by Ips pini.
The form of the phenotypic frequency distribution (Fig. 1, upper) is consistent with the effects of disruptive selection for pheromone use in I. pini. Both pheromone production and preference have relatively high heritability (h 2 Ϸ 0.89 and 0.45, respectively; Hager and Teale 1996) , allowing for a strong response to selection. Furthermore, Ips pini show moderate positive assortative mating in nature . Assortative mating combined with high heritability can maintain a broad unimodal frequency distribution in the absence of selection (Fisher 1918 , Gilburn et al. 1992 . Although the addition of stabilizing selection would tend to reduce the variation (Lande 1977, Charlesworth and Charlesworth 1995) , disruptive selection, as in our case, increases the expected variation beyond that predicted under a neutral model. Because the Þtness surface is also inversely frequency-dependent, it reinforces the maintenance of high genetic variation; i.e., theory suggests that rare genotypes tend to increase in abundance because of their relatively high Þtness until they become abundant themselves, suffer a consequent reduction in Þtness, and then begin to decline in abundance because of their relatively low Þtness (Ayala and Campbell 1974) . The form of the selection surface by itself provides a satisfactory proximate mechanism to maintain variation in pheromone use, but does not explain the ultimate cause. The key in our system is mate choice by females. Female mate choice for rare and extreme pheromone blends could be favored by natural selection if predation is frequency-dependent. For example, it would not be surprising if the most common predator, Thanasimus dubius (F.),were most attracted to the most common pheromone blends. Another possibility is that the middle of the pheromone blend distribution is attractive to both of the two most important predator groups (histerids and clerids; Ayres et al. 2001 ), but pheromone types more toward either tail of the distribution tend to escape from one or the other predator. This is plausible because the histerids in our system tend to be most attracted to low (ϩ)-ipsdienol and the clerids most attracted to high (ϩ)-ipsdienol (Aukema and Raffa 2005 ). An alternative possibility is that females are attracted to rare or ex- treme males on the sole basis of their being rare, and not because of some already existing adaptive advantage (Fisherian runaway selection, or the Þckle female hypothesis; Coleman et al. 2004) . However this seems unlikely in our system because if female mate choice is not linked to any Þtness beneÞt, and given the correlation between female preference and male production , the expectation would be a phenotypic distribution of female preference that roughly mirrors the male phenotypic distribution for pheromone blend produced (but we see the opposite).
Understanding the role of mate choice in the evolutionary ecology of Ips pini probably requires an appreciation of the imperfections in realized mate choices in nature. Lab-assayed females show repeatable preferences for particular ipsdienol blends , but mate choice does not unfailingly match pheromone preference (Jennions and Petrie 1997, Widemo and S¾ther 1999) . This is not surprising because there can be costs to being choosy (Gibson and Bachman 1992) and because the high local density of signaling males can make it difÞcult for a female to discriminate among individuals, as with acoustic signals in frogs (Klump and Gerhardt 1987) . In nature, female Ips pini search for logs that are already occupied by males, typically more than one. The pheromone plume that a female can perceive at a distance must be an aggregate property of the group of males (Pureswaran et al. 2008) , which could easily lead to a mismatch in which the mate selected has a more extreme phenotype. In addition, it is not clear from the behavior of landing females that they even attempt to distinguish among individual male galleries after landing. Instead they tend to scurry quickly into a nearby gallery, presumably inßuenced by high predation pressure on the surface of the log. Future studies could distinguish among these possible mechanisms for the observed Þtness surface.
Larval Components of Fitness. For an agent of larval mortality to exert selective pressure on pheromone blend requires the intensity of mortality agents to vary at about the same spatial scale as Ips pini pheromone phenotypes (e.g., if pheromone blend use and predation pressure both vary among pine plantations). However, there was little evidence of selection on pheromone blend at the scale of pine plantations. In one yr, we found high variation in Ips densities among plantations. However, there was no detectable variation in pheromone blend use across plantations.
Apparently, selection also is not acting on Ips pini pheromone blend at the scale of adjacent beetles within logs. For the most part, I. pini are not grouped within logs as patches of beetles with similar pheromone blends. At this scale, predators, and competitors other than bark beetles, are not likely to be exerting selection on Ips pini pheromone use because their demographic effects are at a coarser scale. Bark beetles also are apparently not exerting selection on pheromone blend within logs (through crowding) because distance between neighboring galleries, and thus the level of crowding, is not related to pheromone blend (Figs. 4 Ð5) .
Apparently, resource patches within plantations is the spatial scale at which bark beetles and their antagonists typically detect and respond to plumes of pheromones, kairomones, and host volatiles. Our experimental arrays of logs within plantations approximated the resource dispersion produced by occasional mortality of isolated trees. Such resource patches are initially recognizable to Ips via host volatiles (Miller and Borden 2003) . The attraction increases quickly after discovery and colonization by one male Ips, which then attracts others creating a positive feedback of accelerating detectability for Ips and associated species that can detect ipsdienol. Resource patches within pine stands (arrays within plantations) was the level at which there was conspicuous variation in Ips pini pheromone blends (Table 2 ). This also was the scale at which there was variation in competitors and predators (Table 1) . If there is meaningful selection on pheromone blend composition from patterns in larval mortality, it is presumably at about this spatial scale.
It has been suggested that I. pini and their specialist predators, via pheromone mediated interactions, are engaged in a never-ending game of evolutionary hideand-seek in the space deÞned by possible enantiomeric blends of ipsdienol (Raffa and Klepzig 1989 , Herms et al. 1991 , Raffa and Dahlsten 1995 . This could provide a mechanism for maintenance of genetic variation in pheromone blend. Our results are not necessarily in conßict with this model, which could yield a pattern in Þtness with respect to pheromone blend such as we observed, but they suggest an alternative possibility. Variation in pheromone blends could be maintained in the long-term by sustained relatively stable selection for extreme phenotypes and continued production of intermediate phenotypes through imperfect assortative mating. In this case, the frequency distribution of pheromone types would tend to remain relatively stable over time within a region, whereas the evolutionary chase model predicts that the modal pheromone type would move around over time. In either case, escape from predators is a likely ultimate explanation for females to prefer rare males, and the relevant evolutionary dynamics probably occur at the level of resource patches within pine stands (arrays within plantations).
In a meta-analysis of phenotypic selection in nature, Kingsolver et al. (2001) noted than disruptive selection may be under-represented in the literature because detection of nonlinear Þtness surfaces generally require larger sample sizes. It may also be that disruptive selection has simply been studied less because of the conventional wisdom that directional and stabilizing selection are the predominant modes of selection acting on important characters (Calsbeek and Smith 2008) ; it is perhaps notable that the majority of studies detecting disruptive selection point to a combination of opposing directional Þtness surfaces (e.g., Mithen et al. 1995 , Van Der Winden et al. 1995 , Robinson et al. 1996 , Johannesson et al. 1997 , Irwin et al. 2003 , Siepielski and Benkman 2009 . Our study differs from most previous tests for disruptive selection by its focus on Þtness surfaces in different stages of the life cycle rather than on speciÞc agents of selection. The detection of disruptive selection via mate choice highlights the value of considering the Þtness surfaces throughout the life cycle (Arnold and Wade 1984) .
